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Abstract

The concept of energy in graphs and matrices is used effectively in all application areas. The energy of the matrix is an
extension of graph energy. The usage of the energy idea in neutrosophic matrices makes it more flexible and applicable in
multi-criteria decision-making environments. In this paper, we propose the energy approach in neutrosophic matrices with
interval values. We determined the given energy’s upper and lower bounds. The energy is used of the interval-valued neutro-
sophic matrix to address the MCDM problem. A new strategy has been introduced called the interval-valued neutrosophic
energy method to solve this problem. We look at the problem of choosing a qualified manager for a business project. A team
of professionals in the company evaluates the options using neutrosophic numbers with interval values, and the energy method
is then used to calculate the result. The result has been compared with the TOPSIS method results to show that the outcomes
are similar.
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1. Introduction

In 1978, Gutman [11] was the first to bring out the idea of energy. It is described as the sum of the
absolute values of the eigenvalues of the adjacency matrix of a graph. The energy of the graph is extended
to uncertain surroundings. In 2013, Mathew and Anjali [1] introduced a fuzzy graph’s energy. In an
intuitionistic fuzzy graph, the concept of energy was created by Praba and Deepa [20]. In this study, they
defined the adjacency matrix, the energy, and the bounds of an intuitionistic fuzzy graph. The matrix’s
energy equation was developed by DiStefano et al. The energy of a matrix is a generalization of the
energy of a graph. Nikiforov [18] published the concept of energy in graphs and matrices. Then Bravoa
et al. [4] presented a study on energy of matrices.
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Fuzzy sets and fuzzy logic were introduced by Zadeh [28] in 1965. The intuitionistic fuzzy set was
proposed by Atanassov [2] in 1986. In 1998, Smarandache [23] introduced the neutrosophic set. Neu-
trosophic sets have truth, indeterminacy, and false as their membership functions. Smarandache and
Kandasamy [12] introduced fuzzy and neutrosophic relational maps. They also added square neutro-
sophic matrices to this and developed the neutrosophic matrix and related algebraic operations [7]. Wang
et al. [27] along with many other properties, functions, and relationships of interval neutrosophic sets,
demonstrate the compactness of interval-valued neutrosophic sets. In 2014, Kharal [14] presented a
method of MCDM based on neutrosophic sets. Neutrosophic sets are being offered to the MCDM com-
munity for the first time. Novel operators on interval-valued neutrosophic sets have been presented by
Saha and Broumi [22]. They defined a few newer IVNS operators and looked at their characteristics.
Mao et al. [15] proposed a neutrosophic-based method in data envelopment research with inappropriate
outcomes. The suggested method has a basic construction and is focused on the aggregation operator. In
2020, Das [6] presented neutrosophic fuzzy matrices and several algebraic functions, defining some their
properties. Vidhya et al. [26] defined interval-valued neutrosophic fuzzy matrix and its characteristics.
Karaaslan [13] defined the determinant and adjoint of the interval-valued neutrosophic matrices based on
the permanent function. Martin et al. [16] presented a new pithogenic sub-cognitive mapping technique
with mediating effects of elements in the COVID-19 treatment model. This new strategy is more prac-
tical since it considers the mediating effects as well as the degree of element contradiction. Polymenis
[19] provided an approach for conducting a neutrosophic student’s t-type statistical test that concerns
the population means. Veeramani et al. [25] used the decision-making trial and evaluation laboratory
(DEMATEL) approach in a neutrosophic area to determine the relative significance of the financial ra-
tios of two categories, accounting-based financial measures (AFM) and economic value-based financial
measures (EFM). Edalatpanah [10] provided the introduction to the neutrosophic and plithogenic sets
for science and engineering: theory, models, and applications in 2023. In the same year, Stanimirovic
[24] suggested examining ways to improve line search techniques for dealing with unrestricted nonlinear
optimization models.

The TOPSIS approach using interval-valued neutrosophic sets for employee selection was introduced
by Vu Dung et al. [9]. Chou et al. [5] proposed interval-valued neutrosophic sets to create a multi-
criteria decision-making strategy for renewable energy selection. Using the connectivity of the analytic
hierarchical process method with the TOPSIS method under a neutrosophic environment, this study sug-
gests an extension of the MCDM technique to assess renewable energy sources. Ramesh et al. [21]
applied the TOPSIS method to group decision-making situations and computed the signless Laplacian
energy of an intuitionistic fuzzy graph. Zavadskas et al. [29] This work introduces a new multi-criteria
decision-making technique, MULTIMOORA, in multi-objective optimization by ratio analysis under
interval-valued neutrosophic sets. Interval-valued neutrosophic AHP with potential degree method was
worked by Bolturk et al. [3]. In this study, we use the representation power of the neutrosophic set to
rank interval numbers using the potential degree method in our neutrosophic AHP methodology. In 2022,
Deepa and Jeni [17] presented operations on multi-valued neutrosophic matrices and their application
to the neutrosophic simplified TOPSIS method. They also described the determinant, adjoint, and dif-
ferent operations of the multi-valued neutrosophic fuzzy matrix. The neutrosophic, simplified TOPSIS

approach was used to numerically illustrate the use of the proposed matrices.
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In this paper, we defined the energy of the interval-valued neutrosophic matrix and its application to
the MCDM problem. In Section 2, the basic definitions were given. Section 3 presents the energy of
an interval-valued neutrosophic matrix, and some propositions were given. In Section 4, we proposed a
new method for solving the MCDM problem using our definition. The proposed method is numerically
demonstrated in Section 5. We compared our method to the TOPSIS method in Section 6. Results and
discussions are given in Section 7. Finally, the conclusion was given.

2. Basic definitions

Definition 1. Energy of matrix [1]. Let M, (C) denote the space of n x n matrices with entries in C
and P be a matrix in M,,(C). Then the energy of matrix P is defined as

E(P) = ZI& — 4 (1)

where, A1, Aa, ..., A\, are the eigenvalues of P and y is the mean of eigenvalues. If 4 = 0 or P is the
adjacency matrix of graph GG, then E'(P) is precisely the energy of the graph G.

Definition 2. Neutrosophic set (N.S) [6]. Let U be the universal set and every element a € U has
a degree of truth, indeterminacy, and falsity membership in a neutrosophic set. It is denoted by .S. Then
it can be defined as

S = {<a,T5(a),Ig(a),F5(a)>, acU} (2)

where, 0 < Tg(a) + Is(a) + Fs(a) < 3 and Ty is the truth membership function, /g is the indeterminacy
membership function, Fj is the false membership function, every function lies between [0, 1] in U.

Definition 3. Neutrosophic fuzzy matrix [7]. A neutrosophic fuzzy matrix P of the order m X n is
defined as

P = [<T;§jp7 Iijpy Ejp>]m><n (3)

where, T};,, I;;p, Fijp are called truth, indeterminacy and false membership of 7jth in P, which satisfying
the condition 0 < T3, + I;;, + F};p < 3. For simplicity, we write [P;;],,xn. Where P;; = <Tijp, Lijp, Ejp>.

Definition 4. Interval-valued neutrosophic set [27]. Let U be a nonempty set with generic elements in
U denoted by a. The interval-valued neutrosophic set A in U is as follows

A={a:{a,Ta(a),1s(a), Fa(a));a c U} (4)

where interval truth membership function 74 (a) = [T}, TY], interval indeterminacy membership func-
tion I4(a) = [I4, 1Y], interval false membership function F4(a) = [F%, FY{] for each point a € U and
TA(a’)7 IA<a)7 FA(G’) € [07 1]

Definition 5. Interval-valued neutrosophic fuzzy matrix [26]. An interval-valued neutrosophic fuzzy
matrix (IVNFM) @ of order m x n is defined as

Q = [(Tijg> Lijq Fijq)lmxn (5)
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where, T34, 1;j4,and I}, are truth, indeterminacy, and false membership elements which are the subset

of [0, 1]. It is denoted by T, = [T1,, T ), Lijg = [15,, 1L, and Fy;y = [F}., F{ ] with the condition
0<Th, + 15, +Fs <3and0< T, + I, +F,, <3fori=12 ...,mandj=12 ... n

Definition 6. Energy of neutrosophic matrix [8]. Let P(/V) be the square neutrosophic matrix. It can
be expressed as truth, indeterminacy and false matrices, which contain the elements of truth membership
values a;;, indeterminacy membership values b;;, and false membership values c;;. It is denoted as
P(N) = (P(Ty), P(Lj), P(Fy)), .. and a;; € P(Tij)nxns bij € P(Lij)nxn and ¢i; € P(Fjj)pxn.

The neutrosophic matrix’s energy is defined as

E[P(N)] = (E[P(T;)], E[P(Iy)], E[P(Fy)])

EIP(N)] = <Z|Ai — il 16— el 3 I —un|> 0

where \;, (; and n;, i = 1,2, ..., n), are the eigenvalues of truth, indeterminacy, and false membership

values, respectively, and (5, fi¢, and (i, are the mean values of \;, ¢; and n;, respectively.

3. The energy of interval-valued neutrosophic matrix

This section introduces the matrix’s energy of the interval-valued neutrosophic structure. The values
of every element of the matrix are neutrosophic interval values. In some situations, single values are
not reliable; in these cases, interval values are a better way to predict the outcomes. It would be more
practical and convenient to evaluate the issue as compared to other structures. So, in this section, we
define the interval-valued neutrosophic matrix energy as well as its lower and upper bounds.

Let @) be the interval-valued neutrosophic matrix with n x n order. It is defined as

Q= |((Thy 5. (1 15,). (Pl F5)] @)

nxn
It can be expressed as six matrices, the first two contain the elements of lower and upper limits of truth
values,the second two matrices contain the elements of lower and upper limits of indeterminacy values
and the last two matrices contain the elements of lower and upper limits of false values

[(aL al), (b5, b)), (ck, )

150 g 177 Y1g 179 “1j

L L U U 3L - 7L U -~ 7U L L U U
where a;: € T/, a;; € Ty, b € 12, b € 15, i € Fj,and ¢ € F

Then the energy of the interval-valued neutrosophic matrix is defined as
1jq

BIQ) = |(BITE,), EITS,), (BIIL). BlIY,), (EIFL), BIFS,))]
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E[Q]:[ SOOI = e DN = o | | DN e | DG = | ]
. L )
Z 771L = ML 72 an Hnu
=1 1=1 J

where AiL, )\?, (Z-L, ZU , nf, and niU are the eigenvalues of lower and upper limit values of truth, inde-

terminacy and false matrices. (e, p\v, e, pev, fipyr, and p,o are the mean values of the respected
eigenvalues.

Example. Let () be the interval-valued neutrosophic matrix with 3 x 3 order.

((.1,.2),(.5,.6),(.8,.9)) ((.3,.4),(5,.7),(.7,.8))  ((.6,.7),(.3,.4),(.2,.3))
Q=1((:3,.5),(8,.9),(.1,.2)) {(4,.5),(.6,.7),(.3,.4)) ((.1,.2),(.3,.5),(.4,.6))
((.7,.8),(.1,.2),(.4,.5)) ((.5,.6),(.1,.3),(.5,.7)) ((.4,.5),(.2,.4),(0.8,0.9))

0.1 0.3 0.6 0.5 0.5 0.3 0.8 0.7 0.2

T =103 04 0.1 Ik, =108 06 0.3 Fl,=101 03 04
0.7 0.5 04 0.1 0.1 0.2 04 05 0.8

02 04 0.7 0.6 0.7 0.4 09 0.8 0.3
T),=105 05 0.2 Ij,=109 07 05 Fl,=102 04 06
0.8 0.6 0.5 02 0.3 04 05 0.7 0.9

The eigenvalues of lower truth matrix )\Z»L = 1.1203, —0.4023, 0.1820 and mean pyr = 3
E[T;;,] =]1.1203 — 3] +]—0.4023 — 3| +|0.1820 — 3| = 1.6406

The other energy values are calculated in the same way.

E[Q] = [(1.6406, 2.1148), (1.6186, 2.1295), (1.4961, 2.0352)]

Theorem 1. Let ) be the interval-valued neutrosophic matrix. If )\f, )\EJ , QiL, f] , T]Z-L, and niU ,

. . .. L U
i = 1,2, ...,n are the eigenvalues of lower and upper limits of truth 777 , 77/ ,

1 g o and false Fi?q, ng membership values respectively. The eigenvalues are real or complex. Then,

indeterminacy / i?q’

Z()\ZL — frr) = Z(aﬁ — Har) = Z(/\g — ) = Z(@g — ) =0
i=1 i=1 i=1 i=1

Z(Q’L - MCL) = Z(bﬁ - McL) = Z(CZU - MCU) = Z(bg - NgU) =0
=1 =1 =1 =1
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n

> O = )’ Zau +2 > abah—nple

i=1 1<i<j<n
n
SO e =342 P ol e
i=1 1<i<j<n
n n
L 2 L2 LiL 2
Z(C’L - MCL) :sz +2 Z szbjz _nlugL
=1 =1 1<i<j<n
n n 9
U 2 U UpU 2
D —pw)? =) b2 Y bl — npd
i=1 i=1 1<i<j<n
n
2
Z( - :un Z Cii + 2 Z Cz] ]z - nMnL
=1 1<i<j<n
n n
U 2
Z(ni = Hyv) :Zci +2 Z w Jz_n'unU
=1 =1 1<i<j<n
where a7, af, bf;, b, cf;, and ¢f] are the diagonal entries of truth T , T}, . indeterminacy I/, I}, and

L U
false F;;,, F};, matrices respectlvely.

L Uy (7L U L pU - -
Theorem 2. Let () = {<(qu7Tm) (Lijgs Lijg)s (i qu)>) be the interval-valued neutrosophic ma-
trix. Then,

1/2
= 2/n
Z)\ZL—MAL =2 > M= | M = | 4 n(n - 1) (1Q — )
=1 1<i<j<n
) 1/2
< E(ﬂ?q) < n Z )\z — HAL -2 Z )\z — ML )\] — KL
i=1 1<i<j<n
9 1/2
2/n
§ = —2 Z = o )\ — KA +n(n—1)(|Q—NAU|)/
i=1 1<i<j<n
1/2
SETS) < | n| DWW —mol] =2 D0 N = ||\ —

i=1 1<i<j<n
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) 1/2
n i 2/n
Fonal | =2 Y0 (¢ = ne||¢ — ne| Faln—1) (\Q MgL|)
i=1 1<i<j<n
, 1/2
< E([igq) <In b — e -2 Z — fheL — L
=1 1<i<j<n
) 1/2
n 2/n
Sl —neo| ) =2 3 | = ner || = peo| +nn = 1) (@ = pev)
i=1 1<i<j<n
, 1/2
< E(ng) <In — v -2 Z — v C — v
i=1 1<i<j<n
5 1/2
" I L 2/n
Zm—unL —2 Z M = Mgt | |0 — M (n—1 QQ—un })
i=1 1<i<j<n
) 1/2
< E(Flgq) < |n Z 771L — Myt -2 Z ‘77% — My i ML
i— 1<i<j<n
2 1/2
~| v U U 2/m
Do = | =2 D> | = |0 = e |+ 0= 1) (IQ—unul)
i=1 1<i<j<n
, 1/2
<BES) < | n | | Do —me| ] =2 D0 o o n = s
=1 1<i<j<n

4. The interval-valued neutrosophic energy method

In this part, we provide a new method for MCDM to select the best alternative using interval-valued
neutrosophic matrix energy. Consider the set of r alternatives and m criteria. A group of n decision-
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makers examine the alternatives. So we set DM = {DM;, DM,, ..., DM, }, C = {Cy,Cy, ..., C,}
and A = {A1, Ay, ..., A}

Step 1. Each decision-maker provided the weighted values of m criteria and the rating values for each
alternative on each criterion. We use a matrix to represent each alternative rating and weight value. The
interval-valued neutrosophic numbers are used to express the rating values. So we got the neutrosophic
matrix with interval values.

As am x n matrix for weight 1, consider the ratings of m criteria provided by n decision-makers.

DM, DM,
Gy <(a11,a11) (ﬂlbﬁn) (’71%77{]1)> <(a1n’aln) (/Bmaﬁm) (’Yananz)>
W — Cy <(0‘2170‘21> (ﬁzlaﬁm) (72%775]1)> <(0‘2n70‘2n) (ﬁzmﬁm) (’72Lna’Yg¢)>
Con \ (@1 05), By B0, (vl v)) oo (@ 08y (Bl B (Vs 7E0))

As a n x m matrix for alternative A, consider the ratings provided by n decision-makers for m
criteria.

c, . Ch
DM, ( ((aty,afy). (bh, 60, (ch, ) @k ), (BF, B0, (ks )
< ) A )

DM, | ( (a5, a5), (b3, b51), (31, ¢51) (@2 A3 )s (Vs V) (s o)

DM \ (@b, afh), (05000, (chdh) ) oo (ks 08, (60000 (b ) )

Step 2. Calculate the weights of decision-makers for interval-valued neutrosophic numbers. The

weights of each decision-maker can be evaluated using the formula below. The weight of jth decision-
maker is

L (0= TH@) 4 (L TV @)+ () 4+ (V@) + (@) + (FY(@)?) /6)

> (1= (10 = T502 + 0= TO@P + () + (@) + () + (P (@) 6) )

=1

w]‘:

n
where E wj =1
j=1

Step 3. Aggregation of the weighted interval-valued neutrosophic decision matrix. The process multi-
plies each interval-valued neutrosophic element for each matrix by the weights of the respective decision-
makers.
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(WTE, WYY, (WIF, WIY), (WFE, WFU)>

W=
(1= (1 =TH" 1= (1= 7)), (15", (1)), (FH)*, (FE)")
R

(wTh,wTY), (wi*,wi?), (wF*, wFY) )
= (1= (0= T = (= T (), (1)), (P (P2

Similarly, for the weighted matrix and alternative matrix, each element is multiplied by the weights
of respective decision-makers.

(I-(1—op)1-=1—=af)") ... (1—-(1—af)", 1—(1—af,)")
- (I-(1—aop)" 1=(1—0a5)") ... (1—-(1—agz,)", 1—(1—a5,)")
W (T, TV) =
(1= —af)™ 1= (1 —an)™) (I—(1=ak)" 1—(1—ab,)")
(B, (BL)™)  (Bl2)™, (B12)"™?) ((BL)™, (BT
((B)™ (BI)™) ((BR)™, (B5)™) ((Ban)™™, (B3n)™™)
W 1Y) =
((Br)™, (Ba)™) (Bho) ™, (Boa)™) ((Bln) ™ (Bh)"™)
()™ (™) ()™, (712)™) ((vi)™™ (vin) ™)
()™, (5)™)  ((752)™2, (7132)"™2) ((73,)"™ (¥)"™™)
W(F: FY) =
()™ (o)™ ()™ () ™) o ()™ (Y™™

These three matrices can be divided into two matrices each. The lower, upper limit matrices of truth
values, lower, upper limit matrices of indeterminacy values, and lower, upper limit matrices false values
are the six matrices that are formed in the following stages.
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(1-(1—ap)™ 1= 1 —a)™) ... (I-(1—ag,)"™1—1~a;,)")
w(TL,TU): (1—(1—ay) 2,.1—(1—a21) ?) (1—(1—as,) 2"1_(1_a2m> ?)
1= —ap)" 1= 1 =ap)™) .. 11 —ag,)" 1~ (1-ag,)")
((bil)wlv (bgl)“”) ((b%)““, (bgz)““) ((bim)w% (bgm)“”)
it 1) < | (™ B (R 0B ()™ ()™
(b)) (BR)™) ()™ (012)™) e ()™ (b))
((Cil)“”, (c((ljl)wl) ((C%)“”, (ng)wl) ((Cim)“”» (Cgm)““)
w(FL,FU) _ ((e91)"%, (e91)%)  ((e22)"*, (e32)"™*) v ((e2) " (€5:)"™)
()™ (™) ((er)™ (ea)™) v ((emm)™™ () ™)

Similarly, these three matrices also can be divided into two matrices each.

Step 4. We change the non-square matrix into a square matrix in this stage.

L _L L _L L_L
a“ay; aaly ... a“ay,
ataky dlal, ... atak,

L L
AI(T )nxm * W<T )m><n =
L _L L L L _L
a Oénl a Oén2 a Oénn
nxn
aUOélUl aUOZ1U2 Ce aUOélljn
a’ay, d¥df, ... dYad,
U U
A1<T )nXm*W(T )mxn:

U U U U U U

a Gy ... A,

nxn

In the same way, we convert upper and lower limit matrices of indeterminacy and false values.

Step 5. Calculate the matrix’s energy using the interval-valued neutrosophic matrix energy formula.

For one alternative, we got the energies for the lower and upper matrices of truth, indeterminacy, and
false.

E[A] = [(B[A(T")], E[A(TY))), (B[AL(I")], E[AL(I7)]), (B[AL(F")], B[A(F7)])]

Step 6. Proceed with the remaining r alternatives. We gained the interval-valued neutrosophic ener-
gies of choices E(A;), E(Ay),..., E(A,).
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Step 7. We have two energies for truth values, so we evaluate the average value of upper and lower
energies of truth value. The alternatives are ranked based on their truth values. The best option will be
the one with the maximum truth energy value.

Figure 1 shows the flow chart of the proposed method. The method applies to all situations. The
difficulty of this approach is manually determining the energy value of the matrix.

| Define the MCDM problem ‘

[ Set of alternatives ] [ Group of decision-makers] [ Set of criteria ]

| Weights of decision-makers |

Aggregated weighted Aggregated weighted
matrix for alternative matrix for criteria

Convert non-square matrix
to square matrix

Find the matrix energy
for each alternative

Find the average value
of the truth lower and upper
energy

| Rank the alternatives

Figure 1. Flow chart of the proposed method

5. Numerical example

An example of the proposed interval-valued neutrosophic energy method was illustrated when selecting
the project manager for the company. There are four staff members of the company taken as alternatives.
The criteria for the selection process are C; — project idea, Cy — cost estimation, and (5 — experience.
From these criteria and alternatives, the group of decision-makers who are the higher officials in the
company will select one project manager for the company project. DMy, DMs, DMs3, and DM, are the
decision-makers of the problem. The ratings of decision-makers are in terms of linguistic variables.
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Table 1 shows the corresponding linguistic variables for interval-valued neutrosophic numbers [9].

Table 1. Terms for IVNNs

Code (rating) Term Code (weight) Term IVNNs
VB very bad vuU very unimportant  ([0.1,0.2], [0.6,0.7], [0.7,0.8])
B bad U unimportant ([0.2,0.3], [0.5,0.6], [0.6,0.7])
A average FI fairly important  ([0.4, 0.6}, [0.4,0.5], [0.4,0.5])
G good I important [0.7,0.8], [0.3,0.4], [0.2,0.3]
VG very good VI very important [0.8,0.9], [0.2,0.3], [0.1,0.2]

Step 1. Weights of each criterion given by the 4 decision-makers are shown in Table 2. It was
considered as 3 x 4 order of matrix.

Table 2. Weights of criteria
Weight DM, DM, DMs; DM,

Ch I VI FI I
Oy FI I I VI
Cs VI I VI I

Rating of alternatives given by 4 decision-maker for each criterion are taken as 4 x 3 matrix of each
alternative. The rating are shown in Table 3.

Table 3. Ratings of alternatives

A1 A2 Al A2

Ci G G 1 Gy C3 Ci Gy Gy Ci Oy G
DMy A G G VG G VG G A A B A G
DM, G VG A G VG G B A VB A VG G
DMs; A B A G A VG G G A VB G VG
DMy G A B G VG A VG G B A A G

Step 2. Determine the weights of decision-makers. Every decision-maker has its individual weights
D M, — very important, DM, — important, D M3 — important, and DM, — very important.

1/2

1—((1-0.8)%+(1—0.9)%+(0.2) + (0.3)2 4 (0.1)* + (0.2)?/6)
4 —0.196 — 0.292 — 0.292 — 0.196
4

therefore, w; = 0.266, wy = 0.234, w3 = 0.234, and w, = 0.266. Here Z w; =1

Jj=1

w, =

Step 3. Aggregation of the weighted interval-valued neutrosophic decision matrix. First, we convert
the linguistic terms into interval-valued neutrosophic numbers. Then separate the matrices into six terms,
which are truth, indeterminacy, and false values in the lower and upper matrices, respectively. Using the
formula for finding the aggregated weight, we build an interval-valued neutrosophic decision matrix for
criteria and alternatives. Tables 4 and 5 show the truth lower limit aggregated weighted matrix for criteria
and the truth lower limit aggregated weighted matrix for alternative A .
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Table 4. Truth lower limit
aggregated weighted matrix for criteria

wW(t)y DM, DM, DMs; DM,
Ch 0.2740 0.3138 0.1127 0.2740
Cs 0.1271 0.2455 0.2455 0.3483
Cs 0.3483 0.2455 03138 0.2740

Table 5. Truth lower limit
aggregated weighted matrix for A

A1 (U)(TL)) Cl CQ Cg
DM, 0.1271 0.2740 0.2740
DM, 0.2455 0.3138 0.1127
DMs; 0.1127 0.0509 0.1127
DM, 0.2740 0.1271 0.0576

Step 4. Converting a non-square matrix into a square matrix.

0.1651 0.1744 0.1676 0.2053
0.1464 0.1818 0.1401 0.2074
0.0766 0.0755 0.0605 0.0795
0.1113 0.1313 0.0802 0.1351

Ay (w(T))axes ¥ W(T")g04 = Ay(TF) =

4x4

Step 5. Find the energy of A;(7") matrix using the equation (1). Eigenvalues of A, (T%), \; = 0.5404,
Ay = —0.0211, A3 = 0.0232, \; = 0, and mean g = 0.1356

E(A;(T")) =|(0.5404 — 0.1356)| + |(—0.0211 — 0.1356)|
+1(0.0232 — 0.1356)| + | (0 — 0.1356)| = 0.8096

Eigenvalues of A;(TY), \; = 1.0186, A = 0.0359, A3 = 0, A, = —0.0277 and mean y = 0.2567

E(A1(TY)) =|(1.0186 — 0.2567)| + |(0.0359 — 0.2567)]
+1(0 = 0.2567)| + |(—0.0277 — 0.2567)| = 1.5239

Similarly, we calculate the energies for the lower and upper matrices of indeterminacy and false.
E[A)] = [(E[A(T")], E[A(TY)]), (E[AL(I")], BIA(I))), (E[AL(F5)], E[A(F7)))]

E[A;] = [(0.8096, 1.5239), (10.1105, 11.6354), (8.8062, 10.6248)]

Step 6. Proceed with the remaining 3 alternatives. We got the interval-valued neutrosophic energies
of choices F(A3), E(A3), and F(Ay).

E[A,] = [(1.2333,2.1862), (9.3959, 11.0112), (7.5928, 9.5903)]

E[As] = [(0.7343,1.4067), (10.1882, 11.7087), (8.8881, 10.7114)]

E[A4] = [(0.8933,1.6457), (10.0321, 11.5713), (8.6597, 10.5045)]
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Step 7. We evaluate the average value of the upper and lower energies of truth value for ranking the

alternatives. The ranking order of alternatives is shown in Table 6.

Table 6. Ranking of alternatives

Alternative  Truth energy (TL , TU) Average energy Rank

A (0.8096, 1.5239) 1.1667 T
Ay (1.2333,2.1862) 1.7097 I
As (0.7343, 1.4067) 1.0705 v
Ay (0.8933, 1.6457) 1.2695 i

As a result, alternative A, is the best one. The ranking order is Ay > Ay > A; > Ay.

6. Comparison of the proposed method
to the TOPSIS method

In 2018, Vu Dung et al. [9] used an interval-valued neutrosophic set for solving a decision-making
problem. The problem is about selecting the best personnel for an organization. There are 4 alternatives,
4 decision-makers, and 6 criteria. They solved this issue with the TOPSIS method. Here we solve this
same problem with our proposed interval-valued neutrosophic energy method.

The steps are done with the same procedure for this problem. We get the square matrix of the lower

truth matrix for the first alternative.
1.310 1.430 1.510 1.370

1.200 1.350 1.380 1.270
1.430 1.510 1.630 1.450
1.430 1.610 1.650 1.510

4x4

Ay (w(T"))axe * W(T")gxs = AL(TF) =

Therefore, the energy of the lower truth matrix = 8.6211. The remaining energies are calculated for
each alternative.

E[A;] = [(8.6211,15.4294), (4.2474,7.6695), (2.4684, 4.7941)]

E[As] = [(10.2958,17.0397), (3.7200 16.6002), (2.0799, 4.1541)]
E[A3] = [(10.0446, 16.8285), (3.8662, 6.8170), (2.1088, 4.2540)]
E[A4] = [(10.0786, 16.7297), (4.0481, 7.0207), (2.1635, 4.3224)]
Now we determine the average energy of truth values and rank the alternatives. A; = 12.0252,

Ay = 13.6677, A3 = 13.4365, and A4 = 13.4041

7. Results and discussion

We compare the neutrosophic TOPSIS result with our proposed neutrosophic energy result. It is shown
in Table 7. The ranking order is the same, making it easy to compare our method to the neutrosophic
TOPSIS method. The advantages and disadvantages of our proposed method are given in Table 8.
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Table 7. Comparison and results

Alternative TOPSIS Rank  Enery  Rank

Ay 0.349 v 12.0252 IV
As 0.408 I 13.6677 I

As 0.404 I 13.4365 I
Ay 0.399 III 13.4041 III

Table 8. Advantages and disadvantages of the proposed method compared to other methods

Advantages

. Applicable for all real-world MCDM problems and used to rank more alternatives.
. The steps of the proposed method are short and easy to understand.
. Using Matlab code, we can quickly obtain the result.
. The method gives more importance to the individual matrix.

Disadvantages
. It does not put as much focus on measuring distance.
2. Calculating the energy of the matrix manually can be challenging.
3. The final ranking is only depending on truth energy.

O N

—

14
12}
10}
5 8f
@
c
i}
6 s
4 L
2 5
0
1 2 3 4
Alternative

Figure 2. Barchat of energy result

As shown in Figure 2, the order of ranking for interval-valued neutrosophic TOPSIS method and
interval-valued neutrosophic energy method is as follows As > A3 > Ay > Aj.

8. Conclusions

The concept of energy is widely used in graphs and matrices. We developed a new neutrosophic matrix
energy technique based on the interval-valued neutrosophic matrix and applied it to MCDM problems
in our study. In the neutrosophic fuzzy multi-criteria decision-making area, there are many approaches
to selecting the best alternative. However, our proposed energy method produced a very efficient result,
and it also simplified the work and demonstrated the importance of the matrix. We compared the final
result to the TOPSIS outcome, and we gave the advantages and disadvantages of our proposed method
compared to existing MCDM methods. As a result, the neutrosophic energy technique is effective in
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identifying the best MCDM solution. Furthermore, we will apply this energy idea to several types of

neutrosophic matrices, such as multi-valued and hesitant neutrosophic matrices. Then, it will be used for
solving MCDM problems.
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